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Abstract 
The leading edge bluntness effects on inlet boundary layer transition had been studied based on a typical hypersonic two-
dimensional inlet. Four leading edge radii(R= 0.05mm, R = 0.1mm, R = 0.2mm, R = 0.25mm)  had been experimented in FD-07 
wind tunnel, including natural transition and artificial transition. The location of boundary layer transition was identified through 
the corner pressure distribution characteristics and inlet starting, by this method, we had obtained the regular of boundary layer 
transition location with the leading edge radii. Experimental results showed that, under the wind tunnel condition, the boundary 
layer transition location moved down stream with increasing the leading edge radius. The inlet would not start for leading edge 
radius R =  0.25mm and we had designed artificial transition strip based on linear stability theory (LST) to make the inlet start 
successfully. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
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1. Introduction 
Leading edge of hypersonic vehicle has to be blunt for thermal protection, researches show that the leading edge 
bluntness has very strong influence on boundary layer transition. Brinich [1] was the first to discover the location of 
boundary layer transition moves downstream when the leading edge radius of cylinder has a slight increase in the 
Mach-3.1 experiments. Stetson [2] carried out boundary layer stability experiment over a 7-degree half angle cone 
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using the hot-wire anemometer at Mach 8. Compared with the sharp cone, tiny nose bluntness can change 
significantly the stability of the boundary layer. Based on Stetson’s experiment, Malik et al [3] analyzed the impact 
of leading edge bluntness on boundary layer instability, linear stability analysis results show that a little bluntness 
can increase an order of magnitude for the critical transition Reynolds number. Rosen boom et al [4] used Stetson's 
experiment conditions to study instability characteristic of boundary layer over sharp cone and different bluntness 
cones, the transition onset, based on e-N method, moves downstream monotonically with bluntness increasing. 
Based on the same Stetson’s experiment, Xiaolin  Zhong et al [5,6,7] , university of California researchers, used 
numerical methods to study the receptivity problems of boundary layer at the condition of leading edge bluntness, 
providing theoretical support to better understand boundary layer transition. Sanator [8], Cubbage [9] and Benson 
[10] studied the leading edge bluntness effects on the performance of hypersonic inlet. 
Researchers of our country also studied the effects of flow state or the leading edge bluntness on the performance 
of inlet. WANG Xiaodong et al [11] studied the effect of different leading edge radii on the performance of 
hypersonic two-dimensional inlet using CFD methods. Cai Qiaoyan, et al [12] studied the effect of flow state of 
front body on the performance of hypersonic axisymmetric inlet using CFD methods and obtained the variation 
regular of the performance of inlet with artificial transition location at different Mach number. Aiming at leading 
edge bluntness effects on inlet compression surface boundary layer transition, authors [13] had carried out a 
preliminary study, linear stability analysis and experiments indicate that leading edge bluntness obviously delay 
instability location of disturbance wave and affect inlet starting significantly. To further understand this physical 
phenomenon, an investigation of the effect of bluntness on a typical hypersonic two-dimensional inlet had been 
conducted in this paper.  
Boundary layer transition location is usually identified through the heat flux of vehicle surface [14,15], Our goal 
is to find the extent of leading edge bluntness effects on the boundary layer transition as well as considering of the 
test cost, we used pressure distribution characteristics of the compression corner and inlet starting to estimate the 
boundary layer transition location. On the basis of the following two points: Firstly, for hypersonic two-dimensional 
inlet, its typical flow characteristics are compression corner flow and shock / boundary layer interaction, pressure 
distribution of the compression corner or flow separation generated from shock / boundary layer interaction will be 
significantly different for turbulent flow and laminar flow; Secondly, before the experiment, we had carried out 
some numerical calculations for different leading edge radii, unsteady CFD results showed that inlet can be normally 
start for turbulent flow but for laminar flow there is a serious separation generated from shock / laminar boundary 
layer interaction to make inlet not start. Accordingly, we can combine the pressure distribution characteristics of the 
compression corner (reflecting compression corner flow) and inlet’s starting (reflecting shock / boundary layer 
interaction) to judge boundary layer flow state. Specifically, using Schlieren, the static pressure distribution and 
outlet parameters, we can judge inlet start or not; Combining with pressure distribution characteristics around the 
different compression corners, we can estimate boundary layer transition location. This was proved to be a simple 
and effective method through the experiment. We found that the boundary layer would not transit when the 
bluntness radius exceeds 0.25mm in the experiment, at the same time we designed artificial transition strip, and its 
effectiveness had been verified. 
 
Nomenclature 
Ma  Mach number 
Mae  average Mach number of outlet 
Pt            total pressure 
q∞           dynamic pressure 
R   radius of leading edge, mm. 
Re           Reynolds number 
Te  average temperature of outlet, K  
Tt            total temperature 
φ  mass flow coefficient  
σ  pressure recovery coefficient  
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2.  Experiment conditions and models 
The experiment was carried out in the hypersonic wind tunnel FD-07 at CAAA. FD-07 is a conventional blow 
down hypersonic wind tunnel with a nozzle end diameter of 0.5m and Mach number from 5 to 12, the experiment 
Mach number is changed by replacing the nozzle. Water cooling system is used to prevent nozzle structure thermal 
deformation. The test section of the tunnel is equipped with two optic windows of clear diameter of 350mm for 
model examination and flow visualization with the aid of Schlieren-technique. Only Mach number and Reynolds 
number is simulated in the experiment, without considering the influence of turbulent intensity and noise level of the 
incoming flow on boundary layer transition. Experiment conditions are shown in Table 1. 
Table 1  Free stream conditions of test 
Ma Pt˄MPa˅ q∞˄kPa˅ Tt (K) Re(1/m) 
5.93 1.01 17.1  452.4 1.05×107
The hypersonic two-dimensional inlet was designed with three wedges and four shocks, it has a total length of 
695mm, the design point is Ma = 6, the internal contraction ratio is 1.87, total contraction ratio is 7.52, scaled ratio is 
1:2.78. Figure 1 shows the size of the model structure and static pressure point distribution of the inlet symmetry 
plane. 

Fig.1  Model structure size and static pressure point distribution 
In order to investigate the bluntness effects of different leading edge on boundary layer transition, four different 
leading edge radii of 0.05mm, 0.1mm , 0.2mm, 0.25mm were manufactured (Figure 2 shows three only) .  
 
 
Fig.2  Inlet models of test 
3.  Artificial transition method 
In the previous studies we have developed a kind of artificial transition control method based on the linear 
stability theory (LST), the method was proved to be effective for inlet boundary layer transition in the initial 
applications [16]. In this experiment we found that when the leading edge radius exceeds a critical value, the inlet 
does not start. The same artificial transition control method was adopted, that is, according to linear stability analysis 
of boundary layer to design artificial transition strip, to past it on the first wedge surface of inlet and attain to the 
purpose of starting  inlet.  
The shape of artificial transition strip  and its  design principle is shown in Figure 3, detailed design method can 
be found in [16]. Compared with the diamond-type vortex generator used in X-43A, the kind of transition strip  has a 
simple structure, its disturbance is little for the flow field (its thickness is about 1/5 of the boundary layer thickness), 
it is easy to satisfy thermal protection requirements, all these is convenient for engineering applications.  
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
Fig.3  The design principle of artificial transition strip 
4.  Results and analysis 
First, natural transition experiments were carried out for four leading edge radii (R = 0.05mm, R = 0.1mm, R = 
0.2mm, R = 0.25mm), static pressure distribution and outlet parameters are obtained and shock schlieren was used to 
judge the inlet start or not. Inlet leading edge radius was replaced from the small to the large. It was found that the 
inlet can normally start for R = 0.05mm, 0.1mm, 0.2mm (Figure 4a, b, c), the outlet parameters and the turbulent 
calculation results agree well (see Table 2), indicating that boundary layer can achieve a natural transition for the 
three leading edge radii. Judging from the Schlieren, inlet does not start for R = 0.25mm (Figure 4d), the 
performance of inlet is lower than the results of turbulent flow field(see Table 2) and indicates that boundary layer 
cannot achieve a natural transition, so we pasted the artificial transition strip on the inlet compression surface at a 
distance of 90mm from leading edge, experiment showed that inlet can normally start with pasting artificial 
transition strip(Figure 5) and the inlet performance attained to a normal level, indicating that artificial transition strip 
is effective. 
Table 2  The computed and test results of inlet˄Ma=6.0ˈD = 0) 
 Start Unstart 
Parameter of outlet Test result Turbulent result Test result Laminar result 
φ 0.92 0.90 0.66 0.76 
σ 0.41 0.43 0.11 0.12 
Mae 2.75 2.65 1.54 1.34 
Te˄K˅ 181.9 189.7 309 330 
 
 
Fig.4  Inlet schlieren images without boundary layer artificial transition 
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Fig.5  Inlet schlieren image with boundary layer artificial transition  
Shock schlieren can give out an intuitive judgment for inlet starting, this reflects shock / boundary layer 
interaction and farther we can infer boundary layer flow state at the entrance of the inlet. We can analyze the inlet 
boundary layer flow state from the pressure distribution characteristics of the different compression corner, and then 
infer the location of boundary layer transition, obtain the regular of leading edge bluntness effects on boundary layer 
transition.  
Figure 6a gives out a comparison of static pressure curves between the test of four leading edge radii and the full 
turbulent numerical calculation. Under natural transition conditions, the inlet does not start for R = 0.25mm, the 
entrance separation zone extends to the rear of the second compression corner (between point 6 and point 7) and the 
pressure curve shows a significant uplift. Inlet start normally for the rest three leading edge radii, the pressure 
distribution curve s are consistent with the numerical calculation. It can be seen from the partially enlarged graph in 
Figure 6 that at the first compression corner (between point 2 and point 3), only the pressure curve for R = 0.05mm 
shows a significant uplift and is similar to the numerical calculation, showing a turbulent flow characteristics (Figure 
6b), indicating for R = 0.05mm boundary layer transition occurs on the first wedge surface, and the rest still keep 
laminar flow. At the second compression corner (between point 6 and point 7), for R = 0.1mm and R = 0.05mm 
pressure curve is similar to the numerical calculation, showing the turbulent flow characteristics (Figure 6c), 
indicating for R = 0.1mm boundary layer transition occurs on the second wedge surface. For R = 0.2mm and R 
=0.25mm, the boundary layer still keep laminar flow passing through the second compression corner. Shock 
schlieren and outlet parameters show that for R = 0.2 mm inlet can start, indicating that at this time boundary layer 
transition has completed in front of the inlet entrance, yet for R = 0.25mm inlet does not start, indicating that at this 
time the boundary layer transition does not complete in front of the inlet entrance, shock / laminar boundary layer 
interaction causes flow field to separate badly, causing the inlet not to start.  
Figure 7 gives out the pressure distribution curve for R = 0.25mm with artificial transition strip. Schlieren shows 
that the inlet can normally start after pasting artificial transition strip, it can be said that the strip plays a role in 
promoting the boundary layer transition. It can be seen from the partially enlarged graph, the pressure curve of 
artificial transition is similar with the one of R = 0.2mm, we can say the boundary layer transition occurs on the third 
wedge surface.  
It can be concluded from the above analysis that with the increasing of the leading edge radius, boundary layer 
transition occurs in turn on the first wedge, the second wedge, the third wedge and until no transition finally. 
According to the results of previous theoretical studies, the physical mechanism that leading edge bluntness causing 
transition delay comes from the entropy layer generated by bow shock, the boundary layer thickness and normal 
velocity curve are changed significantly by it, thereby the boundary layer flow stability is changed and transition is 
delayed. 
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Fig.6. (a)Inlet symmetry pressure distribution; (b)The first corner pressure distribution; (c)The second corner pressure distribution 
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Fig.7. (a) Inlet symmetry pressure distribution; (b) The first corner pressure distribution; (c) The second corner pressure distribution 
5.  Conclusions 
 (1)This work was carried out in a conventional hypersonic wind tunnel, the leading edge bluntness effect will be 
more significant under the flight conditions, and this must be pay attention to in the inlet design for air-breathing 
hypersonic vehicle. 
(2)The phenomena that the leading edge significantly delay the boundary layer transition had been further 
validated, for a given Reynolds number, there is a critical leading edge radius make boundary layer not transit, then 
artificial transition measures must be taken to assure inlet starting. 
(3) Experiments show that LST is effective to guide artificial transition design. 
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